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INTRODUCTION

Seismic wave velocities (compressional and shear) are important parameters 

for determining the seismic response characteristics of various geologic units 

when submitted to strong earthquake ground shaking (Borcherdt, 1970; Joyner, 

1975).

Seismic velocities of various units often show a strong correlation with 

the amounts of damage following large earthquakes and have been used as a 

basis for certain types of seismic zonation studies (Medvedev, 1965; Gibbs 

and others, 1975).

Currently a program is in progress to measure seismic velocities in the 

San Francisco Bay region at an estimated 150 sites. At each site seismic 

travel times are measured at 2.5-m intervals in drill holes to a depth of 

30 m. Geologic logs are determined from drill hole cuttings, undisturbed 

samples, and penetrometer samples. The data provide a detailed comparison 

of geologic and seismic characteristics and provide parameters for estimating 

strong earthquake ground motions quantitatively at each of the sites (Joyner, 

1975). A major emphasis of this program is to obtain a detailed comparison 

of geologic and seismic data on a regional scale for use in seismic 

zonation. The broad data base available in the San Francisco Bay region 

suggests using the area as a pilot area for the development of general 

techniques applicable to other areas.



This paper is a progress report on the data collected and analyzed at 

the first 12 sites. Shear wave velocities in near-surface geologic materials 

are of especial interest for engineering seismology and seismic zonation 

studies, yet in general they are difficult to measure because of contamination 

by compressional waves. A comparison of various in-situ techniques by 

Warrick (1974) established the reliability of the method utilizing a 

"horizontal traction" source for sites underlain by bay mud and alluvium. 

The data presented in this paper establish the reliability of the method for 

sites underlain by a variety of different rock units and suggest the feasibility 

of making the measurements at a much larger number of sites. The data 

collected from these first 12 holes have provided an opportunity for developing 

a routine and efficient procedure for collection and reduction of the data. 

This report presents a detailed description of these procedures and the 

resulting data.

Gibbs and others (1975) reported preliminary comparisons of the data 

with the amplification data recorded from nuclear explosions (Gibbs and 

Borcherdt, 1974), and the intensity data for the 1906 earthquake (Lawson, 

1908). These comparisons showed that strong correlations existed between 

the three data sets. The correlations and the quality of the seismic and 

geologic data collected to date suggest that extending the measurements to 

a much larger number of sites should provide a significant new data set from 

which ground motion predictions for seismic zonation can be made.



SELECTION AND LOCATION OF SITES

Several types of data are available in the San Francisco Bay region 

which are pertinent to the overall problem of estimating earthquake 

ground motions for seismic zonation. These are (1) distribution of 

intensity for the California earthquake of April 18, 1906, (2) ground 

motion amplifications recorded at 99 sites, and (3) detailed geologic 

mapping. Sites are selected on the basis of each of these data sets. 

The present locations of strong motion instrumentation are also con- 

sidered. Once a site is selected on the basis of these data sets, 

accessibility of the site is determined and formal permission is 

obtained from the property owners. A file of access data and sketch 

maps is being compiled for each site. The locations of the sites are 

presented on 7 1/2-minute map sheets Csee figs. 1-6 for locations of 

the first 12 sites).



DRILLING AND SAMPLING PROCEDURES

At each site selected, a hole 12.4 cm in diameter was drilled to 

a depth of 30 m using a "Failing 1500" truck-mounted drill and a rock 

bit with mud and water circulation. The boring was then cased with 

7.6 cm diameter PVC plastic pipe and backfilled with drill cuttings and 

fine gravel. Casing insured accessibility of the hole and provided a 

secure clamping surface for the seismic probe.

Samples were taken in each of the holes at depths of approximately 

3m, 7.5 m, 30 m, and at boundaries defined by continuously monitoring 

the drill cuttings and the drill reaction. The type and number of 

samples taken at each site were determined by the type of material, 

the number of significant lithologic boundaries, and variations in 

weathering. For those holes which penetrated a single rock unit, 

material variations as a function of depth were due largely to weather 

ing. For these holes the depths of 3, 7.5, and 30 m usually provided 

samples of deeply weathered, moderately weathered, and fresh rock. 

Additional samples were taken where unusually thick weathering zones 

were encountered. Cost and the need for a large number of holes 

distributed on a regional scale prohibited continuous sampling. In 

soils, standard penetration measurements were made and undisturbed 

samples were taken using a "Pitcher" core barrel and a "Shelby" thin 

tube liner. Undisturbed samples were also taken in soils with large 

amounts of hard rock fragments and in firm rock. Samples were obtained 

in hard rock using a core barrel with a diamond core bit.



RECORDING PROCEDURES

Compressional waves are generated at each site by the vertical impact 

of a sledge hammer on a steel plate. A signal produced by the opening of an 

impact switch attached to the hammer is recorded for determining origin time.

Shear waves are generated using the horizontal traction source intro 

duced by Kobayashi (1959) and discussed by Warrick (1974). Briefly, the 

method consists of applying a horizontal impact to a large timber (244 x 30 x 18 cm). ^* 

The timber is placed on a flattened soil surface and held firmly in place by  « 

the front wheels of a truck. A steel pipe extends through the timber and 

supports a 30 kg hammer to which is attached an impact switch. The 

specially constructed hammer rolls on bearings and moves a distance of 

45 cm along the pipe before impacting the timber. The "horizontal traction" 

source generates a high proportion of S to P wave energy. The timber is 

impacted twice, once on each end. The two impacts reverse the polarity 

of the S waves but not the polarity of the smaller amounts of P wave energy. 

Comparison of the two signals provides an important tool for identifying 

the onset of the S wave.

The timber is offset 2.0 m from the hole and a three-component geophone 

package (natural frequency 14 Hz) is placed within 9 cm of its center. The 

signals recorded from the surface geophones are used to monitor the input 

signals and determine the onset time for the generated S waves. The arrange 

ment of timber, steel plate, and surface geophone package is illustrated in 

figure 7A.



The P waves generated by a vertical impact on the steel plate and 

the S waves generated by impacting both ends of the timber are recorded 

separately. This procedure is repeated for each 2.5 m interval in the 

drill hole. The seismic probe used in the first 12 drill holes consists 

of three sensors (one vertical and two horizontal) (Mark Product L-10, 

natural frequency 14 Hz). The three-component package is 5.1 cm in 

diameter and is locked in position with a sidewall clamp made of spring 

steel. This package is not easily oriented from the surface, so that 

one horizontal seismometer is inline and the other transverse. The 

downhole instrument has been recently replaced with a three-component 

unit built by Oyo Corp., Tokyo, Japan. The new instrument package has 

a declinometer and an inflatable diaphragm which easily permits obtain 

ing the desired orientation from the surface. Proper orientation aids 

in identifying the onset of the S wave.

The signals from the downhole and surface seismometers and the 

impact switches are recorded on photographic paper and magnetic tape in 

analog form. The velocity unit-impulse of the recording system is 

essentially flat from 2 Hz to ab ove 100 Hz. A detailed description of 

the recording instrumentation is presented by Warrick and others (1961). 

For this project the recording oscillograph has been modified by adding 

500 Hz galvanometers and increasing the paper speed to 46 cm/sec.



REDUCTION OF GEOLOGIC DATA 

Description of Samples

Portions of each of the samples have been examined and described in 

the laboratory. The terms used for the descriptions are summarized on 

figure 8. The sample descriptions for the first 12 holes are presented 

in the left-hand columns of figures 9-20.

The soil samples were described using the field techniques of the 

Soil Conservation Service and those specified for the Unified Soil 

Classification System. Descriptions include soil texture, color, amount, 

and size of coarse grains, plasticity, dry and wet consistency, and 

moisture condition. Texture refers to the relative proportions of clay, 

silt, and sand particles less than 2 mm in diameter. The dominant color 

of the soil and prominent mottles were determined from the Munsell soil 

color charts.

Descriptions of rock samples include rock name, weathering condition, 

color, grain size, hardness, and fracture spacing. Classifications of 

rock hardness and fracture spacing are those used by Ellen and others 

(1972) in describing hillside materials in San Mateo County. The weather 

ing classification was modified from that used by Aetron-Blume-Atkinson 

(1965) in describing Tertiary sedimentary rocks in the foothills of the 

Santa Cruz Mountains.
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Geologic logs have been compiled for each of the 12 holes using the field 

log and descriptions of the samples (figures 9-20). The field log was based 

on the reaction of the drill rig, a continuous record of drill cuttings, 

preliminary on-site inspection of samples, and inspection of nearby roadcuts 

and gullies.

Most information needed for describing relatively well-sorted soils and 

such properties of rock as lithology, color, and hardness were readily obtained 

from cuttings. Inspection of samples and nearby outcrops was also necessary 

to determine the nature of poorly sorted materials and to determine fracture 

spacing. Reaction of the drill rig was also useful in determining degree of 

fracturing as the rate of penetration in rock was highest for very closely 

fractured and crushed material and drilling roughness generally was at a 

maximum in closely to moderately fractured rock. In-situ consistency of soil 

was determined largely from standard, penetration measurements and rate of 

drill penetration.



Density Measurements

Density measurements are required to calculate elastic modulii from 

measurements of seismic velocity. Densities have been measured from most of 

the penetrometer, Pitcher tube, and diamond core samples (figs. 9-20). 

Densities were measured, where possible, by weighing a small piece of the 

sample and obtaining its volume by the mercury displacement method. A 

different method was used for very friable materials such as grus- or poorly 

sorted materials which necessitated using a large sample. A slice was 

\ sawed from the Shelby tube containing the sample, its height and diameter 

^measured, and the sample extruded for weighing. For the mercury displacement 

jfmethod, measurements were made on three portions of a sample and the average 

^reported.

lip While the accuracy of the density measurements is generally sufficient 

iff or calculation of elastic modulii, a number of the samples used to obtain 

[densities are not too representative of the in-situ material. Materials
*£i:v '

|that were sampled by penetration are compressed in sampling and several of
*F"-' 

,. *?*''
|these dried out before density measurements could be made. For these 

^samples, the measured density is probably somewhat higher than the in-situ 

^density. Densities of the hard rock samples were obtained using whole rock 

fragments from diamond core samples and are maximum densities. Depending on 

the amount and openness of fractures, these rock densities could be higher 

than in-situ densities by approximately 0.1-0.2 gm/cc.



REDUCTION OF SEISMIC DATA 

Identification of Shear-Wave Onset

To identify the shear-wave arrivals, the signals recorded in the 

drill hole from the impacts on opposite ends of the timber are super 

imposed and drafted on a common time base (figs. 21-32). The amplitude 

scales for the two horizontal signals recorded at each depth in the 

drill hole are approximately the same, however, the scales vary between 

depths.

The onset of the S wave arrival (arrows) and the first peak of the 

S wave arrival (dots) identified for each depth and for each site are 

indicated on figures 21-32.

It was not possible to control the orientation of the downhole 

seismometer package; hence the relative amounts of S wave energy recorded 

on the two horizontal seismometers vary with depth. The S wave arrival 

is generally most easily identified on the horizontal seismogram with 

the largest amplitudes (e.g., see fig. 22). Comparison of the signals 

recorded on the horizontal sensors with that recorded on the vertical 

sensor shows that the S wave energy generated by the horizontal traction 

source is at least twice as large as the P wave energy.

10



On many seismograms some P wave energy prior to the onset of the S wave 

is apparent. Some P wave energy is generated by the horizontal traction 

source and some probably results from conversion of S to P at seismic 

boundaries. In some cases the polarity of this P wave energy is reversed 

and careful consideration of the entire record section is 'required to 

identify the S arrival. In general, the onset of the S wave is easier to 

identify at sites underlain by the various types of soil than for sites 

underlain by the more consolidated rock units.

11



Travel Times and Average Velocities

To determine the travel time for the S wave onset identified from the 

record sections (figs. 21-32), the following times are measured with respect 

to a 100 Hz time code signal recorded on the records:

1) t.. = time of break in signal from impact switch

2) t« = onset time of S wave arrival on inline uphole geophone

3) t« = onset time of identified S wave arrival on downhole sensors 

The time considered to be the origin time for the S wave recorded on the 

downhole sensor is the onset time of the S arrival on the uphole inline 

sensor. To reduce the uncertainties in determining this origin time, an average 

value (t.) is determined for the set of values, t- - t2 » measured at each 

depth. The travel time for the first S arrival is given by

es B (t3 - *!> + 'A  

A corrected S wave travel time (t ) , corresponding to the travel time
S

c 
for a vertical ray path, is computed from t = t + t

S S Cc 
where t corresponds to a timing correction due to the distance the plank is

d»

offset from the center of the hole (usually 2.0 m). Average velocities from 

the surface are determined by dividing the corrected travel time by the 

corresponding depth. The travel time for the first S peak is determined 

similarly. The origin corrections (|.t- - £?!)> t*ie travel times of the first 

S arrival and the first S peak (t ), the corrected travel times for the first.
S

S arrival and the first S peak (t ) , and the average corresponding velocitiess 
c

computed at each site are presented in tables 1-12.

12



The travel times for the P waves generated by a vertical Impact on a 

steel plate are determined similar to those for the S waves, except that 

the origin time for the P wave is given by the impact switch and no origin 

correction is necessary. The travel times, the corrected travel times, 

and the average velocities for the P waves are also presented for the first 

12 sites in tables 1-12.

13



INTERVAL VELOCITIES AND ELASTIC MODULI,

Calculation of interval velocities and elastic moduli requires determina 

tion of depth intervals over which the velocity is approximately constant 

vithin the uncertainty of the travel-time measurements. To determine these 

depth intervals, the travel-time data (tables 1-12) were plotted as a function 

Of depth (figs. 33-44) and the geologic logs (figs. 9-20) were simplified 

(figs. 33-44). Depth intervals for velocity determinations have been selected 

on the basis of distinct changes in slope of the travel-time plots and evidence 

for lithologic boundaries. For those geologic materials with s velocities 

greater than 350 m/sec, the intervals were required to contain at least four 

travel-time measurements to avoid determining a velocity from a travel-time 

differential due in large part to measurement error. For purposes of a 

generalized comparison between the different sites, the interval 10-30 m 

was selected for routine computation of velocity. For site No. 11, North Peak, 

the velocity in the interval 10-30 metres was not reported because of the 

abrupt change in travel time occurring at 22.5 metres (fig. 43). It is possible 

that the S wave picks at 22.5, 25.0, and 26.6 metres are converted phases (P 

to S), which could explain the early arrival times of the S phases.

14



Velocities have been calculated for each of the selected intervals 

(tables 13-24) from the slope of the linear regression line which best fits 

the travel-time data in a least squares sense (Borcherdt and Healy, 1968, 

eqs. 3.1-3.5). The equation of the linear-regression line which best fits, 

in a least-squares sense, a sample of n pairs of time-depth coordinates 

{(x1 ,t1),...,(xn,tn)} is

t(x) = a + b (x - x) 
where

_ n
"5C   1 T v
X = ± ± '

n i^l

n 
the intercept (INCPT) is a = 1 Z t., and

n 
the slope is b = Z

_ n _ 2 
with w = (x. - x)/D and D = Z(x, - x)1 1 K

The desired velocity (VEL) is given by v   1/b. Assuming the standard 

statistical model (Borcherdt and Healy, 1968), the 68.3 confidence interval 

(UNC INT) for the velocity is estimated by

where

,. .' b-S.) ,
D D

S, 2 1 ? (t. - t(x )) 2
b (n"2)D i-i i ±

is the standard error of the regression coefficient.

15



For those depth intervals with measurements of density (p), the 

shear modulus (SHEAR MOD, M) and bulk modules (BULK MOD, K) have been 

calculated (tables 13-24) using

M = P Vg

and

K=pV 2 -4M 
P 3

Poisson f s ratio (a) has been calculated (tables 13-24) using

2(il -2
cr =

16



CONCLUSIONS

The data from the first 12 boreholes have established that reliable 

velocities for both shear waves and P waves can be determined for all near- 

surface geologic units in the San Francisco Bay Area. Poor results have been 

obtained at only one site, "North Peak" (fig.31 ), underlain by Montara 

granite. Repeated measurements at this site (not shown) did not improve the 

results and suggest that the poor results are probably due to poor coupling 

of the casing to the sidewalls of the bore hole. The quality of the data 

collected suggests the feasibility of extending the measurements to a much 

llarger number of sites in order to develop a data base for predicting ground 

pootions on a regional scale for purposes of seismic zonation.

17
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Table 12,24. Site No. 12 Sawyer Ridge                            63, 87
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BATE:

LOCATION.: LA7. HOLE NO.   

SITE:

GEOLOGIC 
MAP UNIT:

Fbr»p*y<*» (/??J)

SAMPLE DESCRIPTION |i?
oc -J

a: 
tl DE.SCRIPTVON

Auger m

8/ou/

tike

fl'&.tes* C/MOte-farfrc) s<a»f/2/e -fafa wsicXi. 
a 3"I.b Ste/fy -d*/i -tote 
in a. fi+cJif/* cor^ frarre/.

CA
Co/of: ^foAJartf Mt/fi3f// Co/or /xtnrrs ore $ firth 
-fJhs cfosrt/'/M/tl Co/or fff'fJie /xo/sT

hard-
Art* - A<un/»cr aetrfs coitf -ifodj ptdr poi'trf

ftl a/ ca* & 

Cftf _AJ, -firacft/re. 
o-/ o- c/o&s

>/oo

exfat&o*

-Qn eff rack £erf orfflnaf
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°'"LOCATION:!. AT. 37°J?'Jl>

#ALF MOOV SAY, CAU/r

HOLE NO: 2

SITE: PUR I51 MA

GEOLOGIC
MAP UN IT : PUf?/5/MA

SAMPLE DESCRIPTION
V9

DESCRIPTION

SANQSTOJVg, 
-fine Tfe &»*$rQi*tedj

brotunt very 
, -frac-ft/r-ed erf-

. {#4}
<? very

/

\

yrt*t£ vesse. Cr&cte

, v. d*.

grave/A/ sond Cs&

C/l

/o

, very -fi
* pre.

So

30
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Fig. 9
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LOCATION: LAT. 37*39'03* 
LONG.

Tif'QUAD.
, CAL/E

DESCRIPTION

t&y coarse &a#c> a/x) I
x
X
\
\ 
/ 
\ 
/\

/> >
\

r
M.

HOLE NO. :

GEOLOGIC 
MAP UNIT;

o

b-
:o

«   .o

DESCRIPTION

-fraymerits 
, v.-ffrte jroited, /v/

uesyct&sse. s/^e;

SAA/£>,

, Jfrfroato. Wood

v.-f/n?
rocfc

are. A 
//^ 

a P/or.
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: LAT.

SAMPLE DESCRIPTION

F//t£ SAM? CLAY LObM^+row) brown,
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coWion //>*<? black #x>&/e$ 
p/as+te, AKJdeKrte fay sfren^Jf). fcL)

\

* Jo Y£RY COARSE

yf//oc*/jSi Arouisi, stfcty.

/
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To
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w
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\ /
s
/Si/s/ \
N

N
\ 
/\
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9?

/»3
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MAP UNIT: SANTA ClAff/)
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  0.

|i 
s
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i/tkl el£VtfTlW:
LOCATION: LAT 37'3/'J3

''"
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'

HOLE no.  . y
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HAP UNIT: GRAN/T/C ft OCXS
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X
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SAMPLE DESCRIPTION
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M6

o Ul
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?)&c) ! <& 36
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X
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>

/
>
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I
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LOCATION: LM". 37*J9'jr3" 

LONG.

BAY,

SAMPLE DESCRIPTION
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X
/
\
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IK

3J?
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HOLS NO: 6

: D/G6ES CANYON
GEO/OGIC
MW UNIT: GRANITIC #OC/rS

  jr

 /o

- GfAMTE

. QUAffT? £>/04/T£- 6WS,
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  o
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SQfd ferfs tje/focuiik frout*,-
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UOCATIONiLAT.

SAMPLE DESCRIPTION

grave* 's/se

j /io*pfasfc. . (Sfif)

x

I
JL/",

HO SAMPLE
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LOCATION :LAT. 37*3*' /S
LON6. 

7^'QUAD.

HOLE NO : 9^

SITE: SW/A/6 I/ALLEY ft/DGE
GEOLOGIC
MAP UNIT : FffAA/OSCAMSAM*STOM£

.- SAMPLE DESCRIPTION
a

DESCRIPTION

Surface : Li
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/
\X 
X

< &" UJf-fa SQfitd (LQt
n c 

cfay

\ 
\

So

5/£7STO#e. 
i/. 0/c. b/ctjsh rc; 6a/&; -ft*)* -TO

SA#£S70/y£ (trey&ofictej,

. 5} ye m
COMMEH1$:

LOSGEO

TP-Jo, IT



^K, RATION
LOCATION: LAT. 37'39'Jt, HOLE NO.: JO

SITE: l/ISTA POJA/T
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MAP UNIT : FRANCISCAN SAM6STDA/&

SAMPLE DESCRIPTION
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" HOLE NO. : 21
SITE: MOfiTH
GEOLOGIC
MAP UWT: 6/P/W//7C*

SAMPLE DESCRIPTION ORI ||
a
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oxiCtf-getij /s Aon

X

X
/
X
/
XI

X

\
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PATE :

^CATION: UT. HOLE 
SITE-- ff/t>GE
GEOLOGIC
MAP UNIT ; &?A#CtSCAfit SAM&5T0A/E

SAMPLE DESCRIPTION i?in s
DESCR \PTION
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3/tr, M prey
dry $-t
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sj/AsJa*

core
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/»zc)f40r roined.
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Fig. 20

MS*.
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COZZOLINO'S site No. 2

Site No. 1

2.5

7.5

10.0

12.5

15.0

17.5

20.0

22.5

25.0-

27.5-

2 9.0L

VERTICAL

. 21 Fig. 22
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Site No. 3

VERTICAL

2.

EL GRANADA Site No. 4-

VERTICAL

Fig. 23
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BLACK MOUNTAIN Site No. 5

VERTCAL 

OJ

DIGGES CANYON Site No. 6

. 25

48
Fig. 26
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Site No. 7
PISE LOOKOUT

w VERTICAL OJ

PULGAS WATER TEMPLE Site No.

2.5

5.0

75

10. Ol-

12.5

15.0

200

22.5

25.0

28.1

Fig. 27
Fig. 28
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SPRING VALLEY RIDGE

Site No. 9
I H2 VERTICAL *

VISTA POINT site No. 10

20.0

22.5

25.0

275

292

2.5

VERTICAL

Fig. 29 Fig. 30
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NORTH PEAK Site No. 11 

» VERTICAL SAWYER RDGE Site No. 12

VERTICAL

. 31
Fig. 32
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